There are two major methods, experimental and numerical approaches, for dealing with the strain and stress analysis essential to reliability assessment of electronic packaging. Both approaches are mutually complementary in view point of their assessment capability. In this paper, experimental and numerical simulation results for analyzing some reliability issues of electronic packages were reviewed, and the role of both approaches were discussed.
Introduction
There are lots of demands and supplies for high performance and multi-functional electronic devices which could enrich our lives. Nowadays, we could easily see novel products day by day due to fast development in technology. Therefore, the time for products development including their reliability prediction becomes shorter. Consequently, it can cause various reliability problems of the products, and may lead to social damage, such as not only financial loss but also the loss of human life. Therefore, reliability assessment of the products is undoubtedly important and researchers should put in a great deal of effort on resolving these problems.
Over the decades, experimental and numerical approaches have been used to address reliability issues of electronic packaging. With advanced measurement method, it is possible to observe sub-micron-scale deformations. The strain or stress evaluation of tiny and complex structures through numerical approaches is also realized due to the enhancement of computational models and computing hardware.
There are many reliability issues in electronic packaging and tremendous studies were conducted. Some of them employed the experimental technique as their methodology. Characterization of mechanical properties and fatigue life estimation of solder joints-most commonly used interconnection materials in electronic packaging-were conducted.
(1), (2) , (3) Kim et al. (4) developed the impact tester using an electromagnetic actuator and evaluated the impact fatigue life of solder joints. Copper diffusion phenomenon in copper wire bonding was also experimentally studied. (5) One of the key reliability issues is the effect of moisture concentration and absorption in packaging structures. Hygroscopic swelling behavior of molding compounds and plastic packages was investigated with a moiré interferometry. (6) Numerical simulation, such as finite element method (FEM) has been also widely utilized as a methodology for reliability assessment of electronic packages. Parametric studies for reliability evaluation of through-silicon vias (TSVs) for 3-dimensional (3D) interconnection were conducted using FEM. (7) , (8) In addition, combination of experimental and numerical approaches was also adapted for various reliability evaluations of electronic packages. Residual stress of resin-molded integrated circuit (IC), which is one of the critical factors in their reliability, was evaluated. (9) Humidity effects on the delamination in a flip chip using anisotropic conductive adhesive films (ACFs) (10) and the solder reflow crack in a quad flat package (11) were evaluated.
Hygrothermal properties of ACF package were experimentally obtained and moisture concentration distribution was obtained using FEM by Yoon et al. (12) In this paper, experimental methods and numerical approaches are briefly reviewed, which were performed in the Computer Aided Reliability Evaluation (CARE) laboratory in KAIST for reliability evaluation of electronic packaging. Especially, some of the reliability issues including low and high cycle fatigue, (13) creep and relaxation behavior, (14) delamination, (15) and warpage (15) , (16) were summarized in this paper. The main focus in this paper is how the experimental and numerical approaches have been employed and compensated each other in each topic. In addition, the development trend of electronic packaging can be observed in the specimens used in following chapters. Finally, the role of the experimental and numerical approaches in the future is discussed and further works related to reliability evaluation of electronic packaging using both approaches in CARE group are also introduced. (17) , (18) 
High and Low Cycle Fatigue
High and low cycle fatigue tests for evaluating the reliability of the solder bump performed by Lee et al. (13) were introduced in this chapter. A small-sized electromagnetic type fatigue tester was developed, and the loading fixture for the specimen was designed for torsional fatigue loading as shown in Fig. 1 . The specimens are made with two pieces of printed circuit boards (PCBs) connected by four ball grid array (BGA) type solder joints. Two types of specimens were made with the same shape but different thickness of PCBs, i.e. 1.2 mm and 1.6 mm PCBs. They performed fatigue tests the leaded surface-mount components in the torsional loading configuration at the frequency of 40 Hz. To define the failure of the specimens, the change in resistance was recorded. A typical resistance vs. cycles curve is shown in Fig. 2 . As shown in Fig. 2 , there are two abrupt increases in the resistance. The cross section of a cracked solder bump after the first abrupt resistance change is shown in Fig. 2(a) . The crack is propagated through the surface between the solder bump and the copper pad on the PCB caused the second abrupt resistance change as depicted in Fig. 2(b) . That is, the second abrupt change means the final separation between the copper pad on the PCB and the solder bump located at the corner of the specimen. For a conservative life prediction, the failure life of the specimens was defined by the first rapid increase in the resistance.
Fig. 2. A typical resistance versus cycles result (adapted from (13)).
During the high cycle fatigue tests, it is difficult to measure the stress distribution experimentally. However, the investigation of stress distribution of the solder joint is essential to analyze the damage parameter. To compensate the limitation of experimental approach, elastic-plastic finite element analysis (FEA) was adapted. That is, to obtain the stress distribution of the solder joint, FEAs were performed and a typical result is shown in Fig. 3 . A micro-mechanical tester was developed and the specimens are three pieces of PCBs connected by two solder joints as shown in Fig. 5(a) . The loading fixture for the specimen was designed to be suitable for fatigue loading as seen in Fig. 5(b) . The effect of solder joint shape on the fatigue life was investigated through the fatigue test with different solder shape specimens. Fig. 6 . Maximum equivalent plastic strain versus fatigue life defined by 10% and 25% load drop (adapted from (13)).
Fatigue tests were performed in a low-cycle displacement-controlled mode in which the joints were subjected to a fully reversed ramp cycle at the constant frequency of 1 Hz. The correlation of fatigue life defined by the crack initiation cycles versus maximum equivalent plastic strain obtained by FEA is shown in Fig. 6 . The fatigue life curve of solder bumps with various shapes becomes straight lines. Fig. 7(b) , and the locations of crack initiation are in good agreement with those where the maximum equivalent plastic strains occurs respectively.
Creep and Relaxation
Ham et al. (14) observed the creep and relaxation behaviors of a wafer-level chip scale package (CSP) assembled to a PCB under thermal loadings. Figure 8 shows the cross-sectional picture of the specimen. To observe the deformations of the specimen using moiré interferometry, the specimen grating was replicated on the target surface of the specimen. (14)).
From the moiré experiments, displacement fields of the CSP assembly were obtained and the results are shown in Fig. 9 . FEA results corresponding to each experimental result are also shown in Fig. 9 .
As shown in Fig. 9 , remarkable difference exists between the deformation of the Si chip and that of the PCB because of the difference between their coefficients of thermal expansion (CTEs). At the ends of the chip, the relative displacement reaches its maximum value, which causes the highest stress and strain in the rightmost solder bump.
Both experimental results and numerical results show good agreement in the global deformation tendency. However, it is difficult to simulate the real deformation of the component material of the assembly observed by using moiré experiments. On the other hand, it is possible to simulate the interest model under extreme and various conditions by using FEA simulation, but limited to the experiments.
Delamination and Warpage
In this chapter, life prediction models for flip-chip package with anisotropic conductive adhesive (ACA) interconnection proposed by Yang et al. (15) and Park et al. (16) were introduced. Compared to solder ball interconnection used for the specimen in previous chapters, ACA interconnection as shown in Fig. 10 can provide much higher density interconnection by decreasing its pitch. Furthermore, fabrication process can be simplified by adapting wafer-level packaging. Yang et al. (15) showed in Fig. 11 through FEA that the chip warpage, the maximum relative vertical displacement, variation with respect to temperature (dw/dT) decreased as the length of delamination at the chip edge increased. Experimental verification was performed by measuring dw/dT of a pre-delaminated ACA type package and both experimental data and results of numerical simulation were co-plotted in Fig. 12 . Fig. 12 . Relationship between dw/dT and delamination length obtained both numerically and experimentally (adapted from (15)). (15)).
Subsequently, they observed dw/dT variation according to increasing thermal fatigue cycles as shown in Fig. 13 . Combining this result and the verified relationship between dw/dT and delamination length as shown in Fig. 12 provide delamination vs. number of thermal fatigue cycles as in Fig. 14 . It characterizes the initiation and propagation behavior of the ACA type package. An overall lifetime can be predicted by setting a failure criterion of a ≥ a c (1) where a and a c refer to the delamination length and the critical length to failure, respectively. A measurement of dw/dT will provide the status of current damage. In addition, remained life at a given dw/dT can be estimated by taking into account of the propagation behavior and the failure criterion in Eq. (1).
Park et al. (16) proposed thermal damage model for predicting thermal fatigue life of ACA type packages regardless of geometric variations including the presence or absence of fillet and thickness of each components as listed in Table I . Thermal fatigue life under the temperature variation from −40 °C to +125 °C of each type of specimen were also listed. They conducted moiré experiments for obtaining strain distribution of the specimens. Figure 15 shows the shear strain distribution of the specimens and locally concentrated strains can be easily distinguished.
At this point, it is worthy to note that even though the strain distribution can be obtained by the optical deformation measurement method in their work, there are limitations of optical deformation measurement methods for measuring tiny specimens smaller than the specimens listed in Table I . There are two major alternative ways for obtaining strain distributions of tiny specimens. One is adapting numerical simulation. However, it is widely known that size effect on material properties of a specimen cannot be negligible. Unfortunately, material properties are also influenced by fabrication process. In addition, in most cases, finite element (FE) model and the real electronic packages do not geometrically match each other due to their complex internal structure. This geometric simplification of FE model for reducing computational time and cost should be verified whether it is reasonable or not. It means that it is not easy to calculate the accurate simulation result due to unknown component material properties and geometric complexity. The other way for obtaining strain distribution of tiny specimens is employing alternative methods, such as high resolution deformation measurement method. There are numerous studies related to the issue and some works will be introduced in the next chapter. The obtained shear strains of each specimen with respect to their thermal fatigue life listed in Table I are plotted in Fig. 16 . Application of moderate geometric shape used to reduce the stress concentration, e.g. fillet was shown to be a powerful method for reducing the shear strain. The fillet at the edge of the chip was shown to be useful for increasing the thermal fatigue life. Consequently, low shear strain is shown to improve the reliability of the interconnection layer. Fig. 16 . Relation between thermal fatigue life and shear strain (adapted from (16)).
In order to predict the thermal fatigue life of the ACF-type package, a new damage model that considers the geometric shape and the fillet of the ACF-type package was developed. Park et al. (16) suggested the thermal damage model as described in Eq. (2) by modifying the Morrow energy model widely used in fatigue life prediction.
where G is shear modulus and γ is shear strain. (16)). Figure 17 shows the relationship between the thermal fatigue damage per cycle and the package lifetime. Regardless of the geometric shape and the presence or absence of fillet, the thermal fatigue life is well represented by the proposed damage parameter.
Challenging Issue
Current works related to reliability evaluation of electronic packages with tiny and complex structure were introduced in this chapter. As described in previous chapter, alternative deformation measurement methods are needed to observe the deformations of the packages which become thinner and finer structure.
Jang et al. (17) proposed pseudo-phase-shifting technique which can make AFM moiré method, one of the high resolution microscope moiré methods, applicable for measuring small in-plane deformations by resolving the problems of AFM system. Using the proposed technique, thermally induced deformation of TSV structure was obtained. (18) TSV structure is a key technology for 3D IC integration as shown in Fig. 18 . The fine pitch specimen grating with approximately 180 nm pitch was fabricated by focused ion beam milling. Figure 20 illustrates the relationship between the numerical and experimental approaches for the reliability evaluation of electronic packaging described in this paper. According to the trend of electronic packages, it can be expected that their size will shrink continuously. It means that the performance of mechanical testing system and the ability, e.g. resolution, field of view, and deformation measurement method should be improved to characterize the packages and assess their reliability. However, only the development of experimental technique is not sufficient in such researches. Since the numerical and experimental approaches are mutually complementary, computational models and computing hardware should be also developed for performance enhancement of numerical approach along with the development of experimental technique. Therefore, it is encouraged to use the both approaches with mutual compensation in reliability evaluation of electronic packaging.
Conclusion

